H I G H L I G H T S
• Rock weathering predominates the evolution of groundwater chemistry.
• Human activities affected the evolution of groundwater chemistry significantly.
• Anthropogenic factors were identified as two categories.
• Large-scale groundwater pumping caused the obvious change of hydrochemical facies.
• Local hydrogeologic settings and flood irrigation controlled nitrate contamination.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Groundwater is of great importance for drinking, irrigation and industry in semiarid and arid regions and even acts as the only available resource to sustain economic development and ensure water security of local communities in the areas where available surface water resource is scarce (Huang et al., 2013; Lawrence et al., 2000; Liu et al., 2015) . On one hand, a variety of human activities such as drinking, irrigation and industrial use are supported by groundwater; on the other hand, groundwater plays a vital role in the maintenance and restoration of ecosystems dependent on groundwater such as alluvial and rocky aquifers, hyporheic zones, springs and wetlands (Boulton, 2009; Hancock et al., 2005) . It is well known that many important ecological processes can be disrupted by changes in groundwater chemistry (Amalfitano et al., 2014; Di Lorenzo et al., 2015; Iepure et al., 2014) . Therefore, a sustainable groundwater management strategy requires a deeper understanding of geochemical evolution of groundwater in order to guarantee reliable supply for all purposes.
The geochemical evolution of groundwater is largely determined by the natural factors (such as lithology, hydrogeological conditions, water-rock interaction etc.) and anthropogenic activities (such as agriculture, industry etc.) (Lin et al., 2012) . A lot of researchers have devoted to examining the effect of natural processes and human pressure on the current situation of groundwater chemistry in arid and semiarid areas (He et al., 2012; Wang et al., 2013) . Recently, some researchers have also focused on the impact of intensive groundwater pumping on the evolution of groundwater chemistry (Ammar et al., 2014; Carucci et al., 2012; Güler et al., 2012; Sbarbati et al., 2015) . The Subei Lake basin is a good illustration of such areas where natural and anthropogenic processes significantly affect groundwater resources. It is representative of more than 400 lake basins with diverse sizes distributed in the Ordos artesian basin that contains the second largest coal reserves in China (Dai et al., 2006) . During the industrialization process, the quantity and quality of groundwater resources have been affected to a large extent. In recent decades, more and more waterworks have been built in some lake basins in order to meet the increasing demand of water resources with the fast development of Ordos energy base. Haolebaoji waterworks of the Subei Lake basin acts as an important source of water-supply for the exploitation of coal and development of related industries. The overexploitation of confined aquifer has caused a general piezometric decline resulting in drying up of most artesian wells as well as groundwater quality degradation (Wang et al., 2010) . More importantly, the intensive groundwater pumping could significantly influence the hydrodynamics and hydrochemistry of the groundwater system. If this continues, it may cause a series of negative impacts on the groundwater-dependent ecosystem around these lakes. Despite the importance of the groundwater resource, basic information on the hydrological parameters and the geochemical behavior of the groundwater system is often lacking to assess its sustainability. So it is necessary to identify the impact of groundwater withdrawal on the geochemical evolution of groundwater.
The aim of the study is to investigate the Subei Lake basin where the confined aquifer is heavily exploited in order to refine the hydrodynamic continuity inside the aquifer system and to constrain the dominant geochemical processes controlling the changes in groundwater chemistry. These processes were identified using integrated geochemical methods applied to physico-chemical data. The main objectives are to: (1) investigate the geochemical evolution of groundwater in the Subei Lake basin based on the comparison of hydrochemical data variations; (2) identify the impact of natural factors and anthropogenic activities on the groundwater chemistry. The results will be beneficial to improving groundwater management for sustainable development in the rapidly industrialized areas, and to revealing the negative impacts of industrialization on the groundwater. In addition, the results obtained from this study can be an important reference on a national scale to meet the challenge of the water resources management in rapidly industrialized areas occurring in China.
Study area
Physiography
The Subei Lake basin almost covers an area of 400 km 2 in the northern part of the Ordos artesian basin, Northwestern China, extending between longitudes of 108°51′24″-109°08′40″E and latitudes of 39°13′ 30″-39°25′40″N (Fig. 1) . The climate is typically continental semi-arid to arid monsoon, characterized by hot summer and extremely cold winter. According to meteorological data from 1985 to 2008 collected at the Wushenzhao weather station, the average monthly temperature varied from −11.5°C in January to 21.9°C in July. The mean annual precipitation was 324.3 mm yr
, and a majority of the precipitation falls in the form of rain during the monsoon from June to August, when precipitation accounted for more than 63.6% of annual precipitation. The mean annual pan evaporation was 2349.1 mm yr −1 , which far exceeded rainfall for the area. The topography of the west, east, north sides in the study area is relatively higher with elevations between 1370-1415 m above sea level, while its south side is slightly lower with altitudes between 1290-1300 m above sea level. The main water bodies are the Subei Lake and the Kuisheng Lake (Fig. 1) . The Subei Lake is located in the low-lying center of the study area, which is an inland alkaline lake; while the Kuisheng Lake is also a perennial inland lake and it is located in northeastern corner of the study area, only covering two km 2 . In response to heavy rainfall events, groundwater and overland flow are the major recharge sources of the two inland lakes (Hou et al., 2006; Wang et al., 2010) .
In the area, groundwater is heavily relied upon for agricultural, industrial and domestic purposes. The proportions of agricultural, industrial and domestic water demand were almost 30%, 69% and 1%, respectively in 2009 according to the unpublished hydrogeological report from Inner Mongolia Second Hydrogeology Engineering Geological Prospecting Institute. Haolebaoji waterworks has 22 production wells stretching northeast to southwest, which became operational for industrial purpose in 2006. The production wells were designed in the shape of rectangular grid at an interval of 1.5 km with each other. It is possible to operate individual wells separately and the production rate of individual wells was unknown. However, according to the data obtained by this study, the total production rate climbed from 12,932 m /day, and all the production wells are screened within the confined aquifer given high quality of confined groundwater.
The eight groundwater monitoring wells were well designed specially with well depths ranging from 6 to 300 m. All sites were equipped with data logger (KADEC-MIZU II, Japan) and the groundwater levels were recorded at 30-min intervals from the end of 2013 to December 2014. Given that confined aquifer was intensively exploited by 22 production wells, except for wells JC01 and JC06 which were used to monitor the unconfined aquifer, other six wells were used to monitor the confined aquifer (Fig. 1) . The scope of groundwater depression cone was qualitatively identified by groundwater hydrographs, which may spread from the center area (wells JC05 and JC07) to the western boundary (well JC02). This is also in accordance with the results of groundwater flow model built by Wang et al. (2010) . According to Wang et al. (2010) , the downward leakage from the upper unconfined aquifer to confined aquifer will take place in most areas due to the intensive pumping from confined aquifer. Given the production wells are close to the Subei Lake, the groundwater that originally recharged the lake was extracted heavily for industrial usage. As a result, the intensive groundwater exploitation has caused the Subei Lake to shrink and groundwater-dependent vegetation degradation around the lake (Wang et al., 2010) .
Geologic and hydrogeologic setting
The study area is controlled by the complex geologic conditions, which is represented by two distinct geologic units (i.e., the Quaternary unconsolidated sediments and Cretaceous strata). The Quaternary unconsolidated sediments are mainly distributed around the Subei Lake with relatively smaller thickness varying from 0 to 20 m. The Quaternary layer is chiefly composed of the interlaced layers of sand and mud. The Cretaceous strata mainly consist of sedimentary sandstones and generally outcrop in the areas with relatively higher elevation. The maximum thickness of Cretaceous rocks could be nearly 1000 m in the Ordos Plateau (Yin et al., 2009) . Calcite, dolomite, quartz, and feldspar are the major minerals in the Quaternary and Cretaceous strata. The sandstones are dominated mainly by quartz (30-50%), Na and K feldspars (20-30%), and calcite and dolomite (10%). The evaporite minerals (halite and gypsum) also occur in the Quaternary sediments and Cretaceous sandstones, which were formed as a result of the drying up of enclosed lakes due to extremely arid environment (Hou et al., 2006; Yin et al., 2009) .
The Subei Lake basin is a relatively closed hydrogeological unit given that a small quantity of lateral outflow occurs in a small part of southern boundary (Wang et al., 2010) . Phreatic aquifer and confined aquifer can be observed in the investigated area. According to Wang et al. (2010) , the unconfined aquifer is composed of the Quaternary sediments and the upper part of the Cretaceous strata, with its thickness ranging from 10.52 to 63.54 m. The hydraulic conductivity of the aquifer ranges from 0.16 and 17.86 m/day. The specific yield of unconfined aquifer varies from 0.058 to 0.155. The recharge of precipitation infiltration via vadose zone is the major source of unconfined groundwater; it can be also replenished by lateral inflow from groundwater outside the study area. In a natural state, upward leakage from the underlying confined aquifer and irrigation return flow can also contribute a small proportion to groundwater recharge. Evaporation is the major discharge pattern of the unconfined groundwater. In addition, unconfined groundwater is also discharged by lateral outflow, artificial exploitation and leakage discharge. Hydraulic head measurements conducted in the groundwater wells (in September 2003) were contoured to illustrate the general flow field in the area (Fig. 2a) . As is shown in Fig. 2a , lateral outflow occurs in a small part of southern boundary by analyzing the contours and flow direction of groundwater. The groundwater flows predominantly from surrounding uplands to low lands, which is under the control of topography. Overall, groundwater in phreatic aquifer flows toward the Subei Lake and recharges lake water.
The unconfined and confined aquifers are separated by an uncontinuous aquitard composed of the mudstone layer, and discontinued mudstone lens also can be observed in Cretaceous strata. The lower part of Cretaceous strata can be viewed as confined or semi-confined in nature due to the presence of mudstone lens. The hydraulic properties of confined aquifer are variable in space. The hydraulic conductivity changes between 0.14 and 27.04 m/day, the hydraulic gradient varies from 0.0010 to 0.0045 and the storage coefficient ranges from 2.17 × 10 −5 to 1.98 × 10 −3 (Wang et al., 2010) . The flow direction of confined groundwater was similar to that of unconfined groundwater (Fig. 2b) . Given the huge thickness and high permeability of confined aquifer, it is viewed as the most promising water-supply aquifer for domestic and industrial usages.
Materials and methods
Sample collection and treatment
In previous hydrogeological survey conducted by the Inner Mongolia Second Hydrogeology Engineering Prospecting Institute, a total of 159 groundwater samples had been collected during three sampling campaigns from March 2003 to September 2003 and the spatial distribution of hydrochemical types of groundwater in 2003 had been mapped.
In this study, a total of 153 groundwater samples were collected from 62 different sampling sites (25 sites for unconfined aquifer and 37 sites for confined aquifer) during three campaigns i.e., monsoon (August 2013), post-monsoon (December 2013) and pre-monsoon (May 2014). The sampling sites were shown in Fig. 2 . The monitoring frequency was three times each well, but the occurrence of some unexpected events prevented the sampling in some wells. The groundwater samples were taken from wells for domestic and agricultural purposes ranging in depth from 2 to 300 m b.g.l. (m below ground level). The diameter of the sampling wells ranges from 0.05 to 1.5 m. The length of screen pipes made of stainless steel or PVC pipe in all sampling wells varies from 1 to 10 m and every sampling well has only one screen pipe rather than multiple screens. The distance between the bottom of screen pipe and the total well depth ranges from 0 to 3 m in the study area, the bottom depth of screen pipe was assigned to the water samples. The groundwater samples were mostly taken using pumps installed in these wells and groundwater was well purged for a few minutes at each site before sample collection. The 100 ml and 50 ml polyethylene bottles were pre-rinsed with water sample three times before the final water sample was collected. Celluose membrane filters (0.45 μm) were used to filter samples for cations and anions analysis. All samples were sealed with adhesive tape and were stored in a portable cooler containing ice packs to prevent possible evaporation effects. Then, they were transported to the laboratory and refrigerated at 4°C until analysis. The global positioning system (GPS) was applied to locate the geographic coordinates of each sampling site.
Analytical techniques
Before sampling, some physico-chemical parameters of the groundwater were measured on-site. Electrical conductivity (EC), pH value and water temperature of each sample were measured in situ using an EC/pH meter (WM-22EP, DKK-TOA, Japan), and dissolved oxygen (DO) and oxidation-reduction potential (ORP) were also determined using a HACH HQ30d Single-Input Multi-Parameter Digital Meter. All the probes were calibrated using appropriate standard solutions or procedures before sampling of the groundwater. In situ these hydrochemical parameters were monitored until these values reached a steady state.
The major hydrochemical parameters were analyzed at the Center ) in all groundwater samples was determined by the titration method on the day of sampling, methyl orange endpoint titration was adopted with the final pH being 4.2-4.4. The reliability of the hydrochemical data was assessed by checking ion balances. Calculated charge balance errors were found to be less than ± 10% which is an acceptable uncertainty for the purpose of this study.
In order to elucidate the hydrochemical characteristic in groundwater, the interpretation of the water quality data was based on the use of statistical parameters such as maximum, minimum, mean, standard deviation (Carucci et al., 2012; Huang et al., 2013; Wang et al., 2014) . In addition, the comparison between hydrochemical data before the operation of Haolebaoji waterworks (BO) (2003) and that at the present stage of the operation of Haolebaoji waterworks (PO) (2013) (2014) was conducted in order to assess the anthropogenic factors affecting groundwater chemistry. Here, hydrochemical data in BO is quoted from the regional hydrogeological survey report from Inner Mongolia Second Hydrogeology Engineering Geological Prospecting Institute.
Results
General hydrochemistry
Hydrochemical characteristic of unconfined aquifer
The EC values of unconfined groundwater for monsoon, postmonsoon and pre-monsoon varied from 435 to 1818, 433 to 2010, and 450 to 1786 μS/cm with averages 915, 931 and 811 μS/cm, respectively. The pH values for monsoon, post-monsoon and pre-monsoon ranged from 7.4 to 9.0, 7.5 to 9.3, and 7.8 to 9.4 with averages 7.9, 8.1, 8.3, respectively (Table 1) . It indicates an alkaline nature during the three campaigns. Overall, water temperature varied from 5.1 to 18.1°C with an average value of 10.9°C and the order of the mean water temperature was Monsoon (mean value: 13.5°C) N Pre-monsoon (mean value: 10.9°C) N Post-monsoon (mean value: 9.3°C). The DO and ORP ranged from 0.99 to 9.50 mg/L and from −111.1 to 140.6 mV, respectively, and the seasonal change of DO was in accordance with that of ORP. The ionic composition was dominated by Na It can be clearly observed that the concentrations of major cations did not undergo an appreciable change during the three campaigns, while the concentrations of major anions were highest during the monsoon (Fig. 3a) . The concentration of NO 3 − varied from 0.6 to 147.4 mg/L with an average of 27.9 mg/L, and the seasonal change of the nitrate concentration was Post-monsoon (mean value: 29.9 mg/L) N Premonsoon (mean value: 27.5 mg/L) N Monsoon (mean value: 25.2 mg/L). A bivariate correlation analysis is applied to describe the relationship between two hydrochemical parameters ( Table 2 ). The result of the correlation analysis is discussed in the subsequent interpretation. All of the major cations and anions except HCO 3 − and NO 3 − are significantly correlated with EC, which shows that these ions have been released into groundwater continuously due to the predominance of water-rock interaction, and then resulted in the rise of EC. As is shown in Table 2 , the concentration of Na + is correlated with Cl − and SO 4 2− , with significantly positive correlation coefficients of 0.87 and 0.51, respectively. The concentration of Ca 2+ is well correlated with SO 4 2− with a correlation coefficient of 0.63.
Hydrochemical characteristic of confined aquifer
The EC values of confined groundwater for monsoon, post-monsoon and pre-monsoon ranged from 470 to 2330, 419 to 2470, and 392 to 2124 μS/cm with averages 800, 692 and 674 μS/cm, respectively. The pH values for monsoon, post-monsoon and pre-monsoon ranged from 7.4 to 8.3, 7.5 to 9.4, and 7.7 to 9.1 with averages 7.8, 8.2, 8.3, respectively (Table 3) . On the whole, water temperature varied from 6.4 to 24.4°C with an average value of 11.1°C and the seasonal variation was similar to that of the temperature of unconfined groundwater, which may be attributed to the strong mixture between them. The DO and ORP ranged from 1.83 to 10.83 mg/L and from − 13.9 to 139.3 mV, respectively. The ionic composition is dominated by Ca 2+ (2.1-192.8 mg/L), Na
were relatively lower. The order of abundance of major cations was Na
, while the abundance of major anions was HCO 3
The order of abundance of major elements (except K + and HCO 3 − ) was Monsoon N Pre-monsoon N Post-monsoon. There was almost no change in the concentrations of potassium, but the order of the concentrations of bicarbonate was Monsoon (mean value: 287.9 mg/L) N Post-monsoon (mean value: 248.6 mg/L) N Premonsoon (mean value: 233.8 mg/L) (Fig. 3b) . The concentration of NO 3 − ranged from 0.8 to 385.3 mg/L with an average of 58.7 mg/L, and the seasonal change of the nitrate concentration was Monsoon (mean value: 85.8 mg/L) N Pre-monsoon (mean value: 55.9 mg/L) N Postmonsoon (mean value: 45.7 mg/L). Table 1 Statistical summary of hydrochemical parameters of unconfined groundwater. Correlation analysis was also applied to the hydrochemical parameters of confined groundwater (Table 4) . EC is positively correlated with major ions, which reflects that water-rock interaction is mainly responsible for the groundwater mineralization. Na 
Hydrochemical facies
The geochemical evolution of groundwater can be identified by plotting the concentrations of major cations and anions in the Piper tri-linear diagram (Piper, 1953) . Fig. 4a shows the results of plotting the 59 unconfined groundwater samples on the Piper diagram. With respect to cations, all the points are distributed in zones A, B and D of the lower-left triangle, indicating that some are calcium-type, some are sodium-type water but a mixed type predominates. Concerning anions, 85% of groundwater samples are lumped in zone E of the lowerright triangle, the rest of the samples are sulfate type and no dominant type (Fig. 4a) , so bicarbonate-type water is predominant. The important information that can discriminate between separate groups of samples can be derived from the central diamond plot. It is clearly that almost 81% samples are scattered in zone 5, indicating that the alkaline earths and the bicarbonate are the most common in groundwater chemistry of phreatic aquifer in the study area. It also validates the relatively small seasonal variation of chemical constituents in most samples. It should be noted that three samples from well 14 during three campaigns are scattered in zone 7, showing that alkalics and strong acids predominate. The samples from well 03 exhibit a typical mixed type of groundwater chemistry irrespective of seasonal change. However, a mixed water type (M11) was only observed in well 11 during the premonsoon. It is worth noted that the hydrochemical type in well 04 during the monsoon and post-monsoon (A04, D04) was Ca-Mg-SO 4 type, however, the chemical composition in groundwater during the premonsoon (M04 in zone 9) changed to Na-HCO 3 type. The obvious shift of hydrochemical facies in some samples can be explained by the ion exchange and the increasingly closely hydraulic connections between the unconfined and the confined aquifers. For examples, given that well 11 is surrounded by the production wells of Haolebaoji waterworks, the strong mixture may result in a mixed water type (M11) due to the interference from intensive groundwater pumping. Similarly, the significant changes in hydrochemical facies for well 04 and other sampling wells may also be interpreted as a result of the strong interference from intensive groundwater pumping. Only one sample was collected from well 07 (A07 in zone 9) during monsoon and its hydrochemical pattern was Na-HCO 3 type. Therefore, the hydrochemical facies in unconfined groundwater can be classified into a variety of water types including Ca-Mg-HCO 3 , Ca-Na-HCO 3 , Na-Ca-HCO 3 , Na-HCO 3 , Ca-Mg-SO 4 and Na-SO 4 -Cl types. Fig. 4b shows the results of plotting the 94 confined groundwater samples on the Piper diagram. The distributed characteristic of the major cations in the confined groundwater is similar to that of unconfined groundwater. Regarding anions, almost 96% of groundwater samples are distributed in zone E of the lower-right triangle, no dominant type is only observed in four samples (Fig. 4b) , so bicarbonate is the most common anion in confined aquifer. It should be noted that almost 79% of the 94 groundwater samples are scattered in zone 5, indicating that the chemical elements of groundwater in confined aquifer are mainly composed of the alkaline earths and the bicarbonate. Nearly 19% of all the samples are scattered in zone 9, showing that the hydrochemical characteristics of these samples are the consequence of the strong mixture among different sources of water. The samples from well 40 are scattered in zone 8, indicating that alkalics and weak acids predominate. Therefore, the main hydrochemical facies in confined groundwater are Ca-Mg-HCO 3 , Ca-Na-HCO 3 , Na-Ca-HCO 3 , Ca-HCO 3 and Na-HCO 3 types.
Discussion
5.1. Natural factors affecting groundwater chemistry 5.1.1. Geochemical processes As discussed in the previous section, Na + shows a good correlation with Cl − for unconfined aquifer (R 2 = 0.87) and confined aquifer (R 2 = 0.79), indicating the dissolution of halite is the major geochemical process in groundwater system as shown in the reaction (R1). There is a good correlation between Na + and SO 4 2 − in the phreatic aquifer (R 2 = 0.51) and confined aquifer (R 2 = 0.72), suggesting that the dissolution of Glauber's salt (Na 2 SO 4 ·10H 2 O) may be the major sources of such ions in groundwater by the reaction (R2). The same situation can be observed in the Habor Lake basin (Yin et al., 2009) . Ca 2+ has a good correlation with SO 4 2 − regardless of unconfined aquifer (R 2 = 0.63) or confined aquifer (R 2 = 0.79), implying that the dissolution of gypsum may be one of the key factors controlling the geochemical evolution of groundwater, which can be explained by reaction (R3). Just as the achievements obtained by Hou et al. (2006) , gypsum is common in these strata, so it is reasonable to consider that gypsum is the main source of the SO 4 ) concentrations for unconfined or confined groundwater samples will be close to the carbonate and gypsum dissolution line (the 1:1 line) if these ions are controlled by carbonate and gypsum equilibrium. Ion exchange tends to shift the points to right due to an excess of (HCO 3 − + SO 4 2− ) (Belkhiri et al., 2011) . If reverse ion exchange is the process, it will shift the points to the left due to a large excess of Fig. 4 . Piper diagrams of groundwater in the phreatic aquifer (a) and the confined aquifer (b) (The labeled sample number consists of a capital letter short for the sampling month followed by digit for site number. For example, "A14" means sample from well 14 in August; "D14" means sample from well 14 in December; "M14" means sample from well 14 in May.).
(Ca (Fig. 5b) shows that all the groundwater samples are located in the right side due to an excess of (HCO 3 − + SO 4 2 − ), which reflects that ion exchange is one of the geochemical processes in the unconfined or confined groundwater. The process of cation exchange may be explained by the diagram (Na (Fig. 5c ), which has been widely used by many scholars (Carol et al., 2013; Huang et al., 2013 . When dissolution of these minerals is enough to explain the hydrochemical composition, all samples should be placed near the point of origin. In the Subei Lake basin, the samples presented a distribution that a decrease in (Ca , which further validates that the cation exchange is one of the main contributors for higher concentration of Na + in the unconfined or confined groundwater and it is still a key geochemical process of groundwater in the Subei Lake basin under the influence of human activities (Liu et al., 2015) . During this process, Ca
2+
and Mg 2+ in the waters are exchanged with Na + previously adsorbed on the surface of minerals in the aquifer matrix.
Speciation-solubility calculations
Speciation-solubility calculations provided the saturation indexes (SI) of several mineral phases (calcite, dolomite, gypsum and halite) and the CO 2 (g) partial pressure in the different samples of the Subei Lake basin (Fig. 6) . In this study, the geochemical software PHREEQC (Parkhurst and Appelo, 2004 ) was used to calculate the saturation indices with respect to gypsum, halite, calcite and dolomite. When the groundwater is saturated with some mineral, SI equals zero; positive values of SI represent oversaturation, and negative values show undersaturation (Appelo and Postma, 1994; Drever, 1997) . Fig. 6 shows the plots of SI versus the electrical conductivity (EC) for all the groundwater samples. Groundwater was highly undersaturated with respect to gypsum and halite ( Fig. 6A and B) . In the phreatic aquifer, the SI of gypsum and halite range from −2.67 to −0.65 and −8.46 to − 5.80 with averages − 1.93 and − 7.32, respectively. In confined aquifer, the SI values of gypsum and halite vary from − 4.8 to − 1.1 and − 8.61 to − 6.03 with averages − 2.28 and − 7.55. It shows that these minerals are anticipated to dissolve in groundwater. However, groundwater was oversaturated with respect to calcite and dolomite ( Fig. 6C and D) . For unconfined groundwater, the calculated values of SI for calcite and dolomite oscillate between − 0.59 and 1.20, − 1.16 and 2.64 with averages 0.60 and 1.07, respectively. For confined groundwater, the calculated values of SI for calcite and dolomite fluctuate between 0.02 and 1.50, −0.13 and 2.83 with averages 0.53 and 0.91. Overall, no significant differences were observed between the unconfined and confined waters. Most of groundwater samples were in equilibrium or oversaturated with calcite and dolomite, indicating that the major carbonate minerals may have affected the chemical composition of groundwater in the Subei Lake basin. In addition, calcite and dolomite SI values were independent of EC, whereas gypsum and halite SI values tend to increase with EC, pointing to the dissolution of gypsum and halite as one of the reasons for the increase of salinity. The results show that the groundwater may well produce the precipitation of calcite and dolomite. Due to the existence of abundant carbonate minerals in the aquifer system, saturation of calcite and dolomite could be attained quickly.
The partial pressure of CO 2 (g) shows few differences between the unconfined groundwater (average value: 10 − 2.72 atm) and the confined groundwater (average value: 10 − 2.79 atm). Fig. 6E indicates that the pCO 2 values are negatively correlated with pH values, the partial pressure values of CO 2 decrease as pH values increase (Adams et al., 2001; Rightmire, 1978) . Feldspars are common in the Cretaceous strata and the following reaction possibly occurs (Hou et al., 2008) .
In this reaction, the consumption of CO 2 can result in the increase of the concentration of Na + and HCO 3 − . As a result, partial pressure of CO 2 will decrease and the pH will increase. The same happens in the Habor Lake basin of the Ordos Plateau (Yin et al., 2009) . A pattern of lower CO 2 with higher SI for calcite was observed (Fig. 6F) , suggesting these groundwater samples may probably have precipitated calcite and lost CO 2. In summary, the results obtained by the saturation indexes and the pCO 2 validated the geochemical processes inferred previously, especially with respect to the dissolution of gypsum, halite and feldspars, calcite and dolomite precipitation. 
Formation mechanisms of groundwater chemistry
The soluble ions in natural waters mainly derive from the rock and soil weathering (Lasaga et al., 1994) , anthropogenic input, and partly from the precipitation input. The Gibbs diagrams have been widely used to establish the relationship of groundwater composition and aquifer lithological characteristics (Feth and Gibbs, 1971; Yang et al., 2012) . Gibbs (1970) proposed two diagrams to assess dominant effects of precipitation, rock weathering, or evaporation on geochemical evolution of groundwater in semi-arid and arid regions. The diagrams show the weight ratios of Na + / (Na + +Ca 2+ ) and Cl
against TDS, and three distinct fields such as precipitation dominance, evaporation dominance and rock-water interaction dominance areas constitute the segments in the Gibbs diagram (Gibbs, 1970) . The distributed characteristic of samples in Fig. 7 shows that rock weathering is the predominant mechanism in the geochemical evolution of the groundwater regardless of the unconfined or confined groundwater in the study area. It should be noted that no matter the phreatic aquifer or confined aquifer, the weight ratio of Na + / (Na + +Ca 2+ ) spreads from low to high without great variation of TDS, which indicated that cation exchange also played an important role by increasing Na + and decreasing Ca 2+ under the background of rock dominance. During the cation exchange process, the TDS values do not change obviously because 2 mmol/L of Na + is exchanged with 1 mmol/L Ca
2+
, and the weight of 1 mmol/L of Ca 2+ (40 mg/L) is nearly equal to that of 2 mmol/L of Na + (46 mg/L).
Anthropogenic factors affecting groundwater chemistry
The impact of intensive groundwater exploitation on groundwater chemistry
The intensive groundwater exploitation from Haolebaoji waterworks has exerted significant effects on groundwater system and caused a series of changes in aquifer units since 2006. Groundwater flow direction has been changed drastically and depression cones of groundwater level also occurred in the study area (Wang et al., 2010) . The hydrochemical situation of groundwater is likely to be altered concomitant with the changes in hydrodynamic conditions of groundwater due to water abstraction for regional development.
(1) Before the operation of Haolebaoji waterworks, the hydrochemical characteristic of the phreatic aquifer was almost entirely dominated by natural factors and the hydrochemical types were regularly distributed in the form of annular stripes centering on the Subei Lake and Kuisheng Lake. Groundwater anions were dominated by HCO 3 − and the cations were dominated by Ca
2+
, Mg 2+ or Na + . The main hydrochemical facies were Ca-HCO 3 , Ca-Mg-HCO 3 , Ca-Na-HCO 3 , Na-Mg-HCO 3 , Na-HCO 3 , Na-Mg-HCO 3 -SO 4 , Na-HCO 3 -SO 4 , and Na-HCO 3 -Cl. As is shown in Fig. 8a , the hydrochemical facies of groundwater were Ca-HCO 3 , CaMg-HCO 3 , Ca-Na-HCO 3 in the surrounding highland where the depth to water table was relatively deeper. These hydrochemical types with low TDS can be explained by the good hydrodynamic conditions in the highland such as relatively faster flow velocity, the strong lixiviation and mixture, etc. However, groundwater with Na-Mg-HCO 3 -SO 4 , Na-HCO 3 -SO 4 , Na-HCO 3 -Cl types can be observed in the lowland located in the center of the study area. These types with high TDS can be attributed to relatively poor hydrodynamic conditions including relatively slow, even stagnant flow state, the strong evaporation due to relatively shallower water table in the lowland, and a longer time for water-rock interaction etc. Each of annular stripes represents the spatial distribution of each of hydrochemical types in groundwater, which was the consequence of natural geochemical evolution along groundwater flow path.
However, the hydrochemical facies of unconfined groundwater have been changed to a certain extent since the Haolebaoji waterworks came into use at 2006. In the anthropogenically disturbed groundwater environment, 60% of 25 sampling sites have been transformed into different hydrochemical types at the present stage (2013) (2014) . In the area of groundwater with Ca-HCO 3 type in BO (Fig. 8a) Part of groundwater with Ca-Mg-HCO 3 in BO (including wells 39, 42, 51) is changed into Ca-Na-HCO 3 type in PO as a result of accelerated groundwater mineralization caused by the changes in hydrodynamic conditions. Moreover, the rest of the wells (such as wells 3, 4, 7, 11, 12, 13, 14, 24, 65) where hydrochemical facies have been changed are all distributed around the production wells and the Subei Lake. It should be noted that the predominant anions in groundwater samples from wells 3, 4 and 14 have changed from HCO 3 − to SO 4 2− and Cl − indicative of groundwater deterioration. Given that the relative stability of hydrogeological settings and climatic factors during the period from 2003 to 2014, only the intensive groundwater exploitation from production wells is the main factor that disturbs the groundwater chemistry. Therefore, large-scale groundwater pumping behavior is mainly responsible for the local changes in hydrochemical facies of unconfined groundwater.
(2) All the production wells are screened within the confined aquifer, the behaviors of groundwater pumping from the production wells can exert a direct impact on the confined aquifer. The hydrochemical facies of groundwater will be changed in response to the drastic changes in hydrodynamic conditions. Similar to that of the phreatic aquifer, the hydrochemical types of confined groundwater in BO displayed an obvious regularity in the form of annular stripes spatially. The hydrochemical types evolved from Ca-Na-HCO 3 and Na-Mg-HCO 3 types with low TDS in the highland, through Na-Mg-HCO 3 -SO 4 and Na-HCO 3 -SO 4 types with moderate TDS in the transitional area, to Na-SO 4 -HCO 3 and Na-SO 4 types with high TDS in the lowland along the groundwater flow path in BO (Fig. 8b) . However, at present, the hydrochemical types of confined groundwater have been changed entirely due to the strong interference from groundwater withdrawal of this waterworks. The total groundwater samples from the confined aquifer collected during the three campaigns have been transformed into different hydrochemical facies.
In the highland, groundwater samples with Ca-Na-HCO 3 , Na-Mg-HCO 3 types have been transformed into Ca-Mg-HCO 3 type. Groundwater pumping from the production wells may be responsible for this variation of groundwater chemistry. The confined aquifer was recharged by the upper phreatic aquifer in the highland in BO, however, nowadays, the increasingly bigger differences between the piezometric levels and the corresponding water table in the highland have resulted in a larger flux of downward leakage from unconfined groundwater into the confined groundwater via uncontinuous aquitard due to the abstraction of confined groundwater. As a result, confined groundwater with original Ca-Na-HCO 3 , Na-Mg-HCO 3 types fully mixed with unconfined groundwater with Ca-HCO 3 , Ca-Mg-HCO 3 types and produced the confined groundwater samples with Ca-Mg-HCO 3 type nowadays (Fig. 8b) . It is confirmed that the confined aquifer was recharged by the downward leakage from unconfined aquifer in the highland from a hydrochemical view.
In the transitional area, the hydrochemical facies of groundwater have shifted from Na-Mg-HCO 3 -SO 4 or Na-HCO 3 -SO 4 to Ca-Mg-HCO 3 , Ca-HCO 3 , Na-HCO 3 , Ca-Na-HCO 3 and no dominant type. It should be noted that unconfined groundwater with Ca-Mg-HCO 3 , Ca-HCO 3 , Na-HCO 3 , Ca-Na-HCO 3 types was just underlain by confined groundwater with Na-Mg-HCO 3 -SO 4 or Na-HCO 3 -SO 4 types, and the induced downward leakage from upper unconfined aquifer promoted the formation of the current hydrochemical patterns.
Similarly, groundwater with Na-SO 4 -HCO 3 , Na-SO 4 types in BO, which is located in the lowland adjacent to the Subei Lake, was transformed into Ca-Mg-HCO 3 , Ca-Na-HCO 3 and Na-HCO 3 in PO. The phreatic aquifer was recharged by the underlying confined aquifer in the lowland in BO, however, at present, the opposite situation that the confined aquifer received the downward leakage from the upper unconfined aquifer took place in PO.
Therefore, the strong mixture between unconfined groundwater and confined groundwater, especially a large influx of downward leakage from the upper unconfined aquifer into the confined aquifer, played a vital role in the variation of hydrochemical facies. But after all, the intensive groundwater exploitation from Haolebaoji waterworks is still the fundamental cause for the significantly macroscopic changes in geochemical evolution of groundwater.
Nitrate contamination
Agricultural practices result in non-point source pollution of groundwater and the effects of these practices accumulate with time (Liu et al., 2005) . Non-point sources of nitrogen from agricultural practices include fertilizer and manure application (Chowdary et al., 2005) . It should be noted that in the study area, the nitrate concentrations in the confined aquifer varied within a larger range from 0.8 to 385.3 mg/L than that in the phreatic aquifer (0.6-147.4 mg/L). The average value of the nitrate concentrations in confined aquifer (58.7 mg/L) was much larger than that in the phreatic aquifer (27.9 mg/L). About 17% of the unconfined groundwater samples showed nitrate concentrations exceeding the maximum admissible nitrate concentration limit in drinking water (50 mg/L) (WHO, 2004) . However, nearly half of the confined groundwater samples exceeded the corresponding standard surprisingly. In general, the unconfined aquifer is more vulnerable to nitrate contamination than the confined aquifer. However, the opposite situation takes place in the Subei Lake basin and the confined aquifer is more heavily contaminated from the nitrate than the phreatic aquifer. The interesting phenomenon can be well explained by the following possible reasons: (1) the confined aquifer is likely to chronically subjected to the nitrate plume migration from adjacent basin located in the recharge area outside the study area, given that agricultural practices or a plenty of manure from animals (cattle, sheep, etc.) is widespread in Ordos basin (Dong et al., 2010) ; (2) the nitrate contaminants may be more difficult to be removed in the confined aquifer than the phreatic aquifer, due to relatively stagnant hydrodynamics and lack of microbes caused by relatively closed environment; (3) the intensive groundwater pumping has disturbed the original hydrodynamic conditions (Wang et al., 2010) , and further changed the fact that the phreatic aquifer is more vulnerable to nitrate contamination. A large amount of downward leakage from the upper unconfined aquifer into the confined aquifer may be responsible for the more nitrate enrichment in the confined aquifer.
Given the severity of the nitrate contamination in the confined aquifer, the significantly positive correlation between NO 3 − and Ca 2+ or SO 4 2− can be only observed in the confined aquifer. In the confined aquifer, Ca 2+ is well correlated with NO 3 − with a correlation coefficient of 0.68 (Table 4) , which may be simply explained by the fact that nitrates appear elevated values in the sandstone aquifer where calcium prevails. Another possibility that both elements are possibly derived from the excessive use of Ca(NO 3 ) 2 -fertilizers is excluded given that calcium is not favorable for soil amendments, unless soils are acidified. Moreover, the significantly positive correlation between NO 3 − and SO 4 2− with a correlation coefficient of 0.59 (Table 4) highlights that both elements are possibly used in the form of (NH 4 ) 2 SO 4 -fertilizers in the study area (Dong et al., 2010) . Under the oxic condition, as the main component of fertilizers, NH 4 + is easily oxidized to NO 3 − by the nitrification process as is shown in the following equations:
Therefore, the nitrate contamination is a result of the local hydrogeological settings coupled with the traditional flood irrigation and the complete lack of environmental awareness about the overfertilization.
Conclusions
The Subei Lake basin lies in an economically and ecologically important area, where the rapid economic development and intensive anthropogenic activities have collectively affected the geochemical evolution of groundwater resources (qualitatively and quantitatively) due to a very large increase in water demands for industrial usage. In this semi-arid region, the problems associated with groundwater quality issues are of growing concern, since the intensive groundwater pumping has led to serious environmental consequences, which threaten the vulnerable ecosystems. Therefore, sustainable management of groundwater resources in the Subei Lake basin requires a good understanding of both groundwater circulation patterns and hydrologic/hydrochemical processes that affect water chemistry. The combination of techniques employed in this study (i.e. piper diagram, ionic ratios, Gibbs diagrams, correlation analysis etc.) provided an efficient way for analyzing a high-dimensional hydrochemical dataset.
At present, the major hydrochemical facies in unconfined groundwater are Ca-Mg-HCO 3 , Ca-Na-HCO 3 , Na-Ca-HCO 3 , Na-HCO 3 , Ca-Mg-SO 4 and Na-SO 4 -Cl types. The main hydrochemical facies in confined groundwater are Ca-Mg-HCO 3 , Ca-Na-HCO 3 , Na-Ca-HCO 3 , Ca-HCO 3 and Na-HCO 3 types. The chemical constituents of confined groundwater have undergone relatively more obvious seasonal variation than that of unconfined groundwater. Among the natural factors, the major geochemical processes are the dissolution/precipitation of gypsum, halite, feldspar, calcite and dolomite. Overall, the rock weathering absolutely predominates the geochemical evolution of groundwater in conjunction with the cation exchange. In the study area, anthropogenic activities responsible for the deterioration in quality of groundwater resources can be classified as: (1) groundwater overexploitation; (2) excessive application of fertilizers in agricultural areas. The accelerated groundwater mineralization caused by the intensive groundwater pumping is mainly responsible for the local changes in hydrochemical facies of unconfined groundwater. The strong mixture between unconfined groundwater and confined groundwater, especially a large influx of downward leakage from the upper unconfined aquifer into the confined aquifer as a consequence of intensive groundwater pumping, played a vital role in the fundamental variation of hydrochemical facies in confined aquifer. Additionally, the nitrate contamination is a result of the local hydrogeological settings coupled with the traditional flood irrigation and the complete lack of environmental awareness about the over-fertilization.
The results of this study are promising and suggest that combination of these techniques can be successfully applied to decipher underlying natural and anthropogenic processes creating these water types and characterization of geochemical evolution of groundwater. To protect the vulnerable ecosystem and the vital groundwater resources from further deterioration, the government agencies should adopt strategies that could include: regulating the amount and type of fertilizers applied to agricultural soils, monitoring of groundwater pumping rates in industrial zones, and developing a groundwater monitoring network for assessment of the groundwater quality periodically.
